In order to study the size dependency of grazing and growth rates in zooplankton, data wcrc collected from laboratory studies in the literature, covering both limnic and marinc organisms. Data were obtained from about 60 species of nano-, micro-, and mesozooplankton, representing flagellates, ciliates, rotifers, meroplankton larvae, copepods, and cladocerans. Estimates of maximum ingestion and clearance were extracted from functional responses (ingestion rates as a function of food density) cstablishcd from laboratory experiments. Maximum specific rates were expressed as a function of predator body volume. Maximum specific clearance and ingestion rates decreased with predator volume within each group of zooplankton, with a-common exponent (scaling factor) of -0.23 (SE = 20.12) in accordance with previous findings. However, significant differences wcrc found between groups. In particular, among the protists, ciliates display maximum ingestion, growth, and clearance rates that exceed those of dinoflagellates by a factor of 2-4. Among the metazooplankton, Calanoid copepods have maximum clearance rates that cxcccd those of filter-feeding cladocerans and meroplankton larvae by a factor of 10. Because of these differenccs between the groups, the entire set of observations could not be fitted by an overall regression.
Quantification of zooplankton grazing and production has been subject to intensive research for decades. A variety of methods have been introduced, including radioactive tracers (Haney 197 1; Roman and Rublee 198 1; Servais et al. 1985) , inert food particles (Fenchel 1980a,b,c; ), mctabolic inhibitors (Fuhrman and McManus 1984; Sanders and Porter 1986) , disappearance rate of food particles (Frost 1972) , growth kinetics in laboratory cultures (Fenchel 1982) , preincubation size fractionation (Capriulo and Carpenter 1980) , gut pigment content (Mackas and Bohrer 1976) , dilution series (Landry and Hassett 1982) , and egg production (Kiorboe et al. 1985a ). These methods have produced valuable results for specific applications, but so far no simple and integrative reference method has emerged that can be incorporated into carbon flux studies as an equivalent to standard methods such as the 14C method for determination of pelagic primary production, the oxygen method for community respiration measurements, and the quantification of the vertical flux of particulate organic material by sediment traps. Most methods for determination of zooplankton grazing are not applicable to field measurements, and their accuracy may be affected by incubation effects, artificiality of tracer food particles, and other methodological problems (Peters and Downing 1984; Stoecker 1988; Carrick et al. 1992 ).
An alternative approach to direct field measurements of zooplankton grazing and growth rates has been the appli-cation of rates obtained in the laboratory (e.g. Christoffersen et al. 1990; Weisse et al. 1990; Riemann et al. 1990 ). During the past two decades considerable data on ingestion, growth, and clearance rates for different zooplankton groups have been published. Reviews published so far have focused on specific taxonomic zooplankton groups (e.g. Fenchel 1980a, b,c; Peters and Downing 1984; Knoechel and Holtby 1986) . The comparability of zooplankton grazing rates from the literature, whether from field or laboratory experiments, is limited by methodological differences and by the use of different, often not directly comparable units and model fits.
Our aim was to synthesize literature data of laboratory measurements of grazing and growth rates, including zooplankton from heterotrophic nanoflagellates to crustaceans for marine and freshwater species, in order to provide a basis for comparing new data with those obtained previously from different studies by using a variety of methods and units, to determine body size dependency of maximum ingestion rate, clearance rates, and half-saturation constant within and between different groups of zooplankton, and to evaluate the applicability of laboratory data to pelagic carbon flux studies.
Materials and methods
Data acquisition and processing-This study does not offer a complete review of zooplankton grazing, but rather analyzes the bulk of the literature on laboratory studies of different zooplankton groups, including flagellates, ciliates, rotifers, meroplankton larvae, copepods, and cladocerans. Data collection and analysis required formulating basic assumptions concerning the dependence of clearance and ingestion rates on food quantity and quality and on temperature, and establishing criteria for data selection and data rejection as described below.
Prey density (d) Fig. 1 . The functional response in zooplankton. MichaelisMenten kinetics illustrating the maximum ingestion (I,,,,,) , maximum clearance (C,,,,,) and the half-saturation constant (K,,,) .
Food quantity-The dependence of grazer activity on food quantity is well studied in laboratory experiments, which universally have shown that ingestion rate (I) approaches a maximum rate (I,,,,,) at high prey densities (d) and is approximately proportional to d at low densities. Several different formulas for this functional response have been proposed, including a rectilinear model, an exponential model, and a Michaelis-Menten (Monod) equation. These different models typically fit data equally well (e.g. Mullin et al. 1975) . WC have chosen the hyperbolic formula (Michaelis-Menten kinetics) because it is theoretically the best founded (Holling 1959; Fenchel 1988) and is widely used to describe dose-response relationships. We are aware, however, that a lower threshold food density below which grazing apparently ceases has been demonstrated in a few copepods (e.g. Frost 1975; Kiorboe et al. 1985b 
where Gax is maximum clearance obtained at low prey density. By inserting d = K,, in Eq. 1 and 2, it follows that LUG Cl,,,,, and K,,, are illustrated in Fig. 1 . Estimates of maximum ingestion and clearance rates were extracted from functional responses (ingestion rates as a function of food density) established from laboratory experiments, and rates were divided by predator body volume to obtain specific rates. For those studies where data were not explicitly fitted to the hyperbolic model (Eq. l), data points from the published graphs were digitized from enlarged photocopies of the original figures in the primary reference and Gaudy and Boucher 1983 Mullin and Brooks 1970 Vidal 1980b Caron et al. 1986 Fenchcl 1968 Finlay 1977 Hamilton and Preslan 1969 Verity 1985 Verity I985 Sprung 1984Q Mullin and Brooks 1970 fitted by iterative nonlinear regression. If both ingestion rate (Table 1) . Body length was converted into dry weight by and clearance rate were given, I,,,X was estimated from the empirical length-weight regressions (McCauley 1984) or best fit of the measured ingestion rate to Eq. 1, C,,,, from into biovolume by using geometrical formulae. Predator and the best fit of clearance to Eq. 2, and K,,, was calculated from prey sizes were expressed as body volume or as equivalent Eq. 3. If only ingestion rate or clearance was given, I,,,,, or spherical diameter (ESD), defined as the diameter of a sphere C,,,:,, together with K,,, were estimated from best fit to Eq. I with equal volume: body volume = r/GESD". Data points or 2, and the third parameter (C,,,,, or Z,,;,X, respectively) was in figures represent mean values for each species in order to calculated from Eq. 3.
avoid overrepresentation of some well-studied species. Estimates of I,,,,, were converted into biovolume units. Values of I,,,,, and C,,,, were normalized against predator body volume (P,,,) and presented as h I. Estimates of K,,, were converted into units of prey biovolume and given in parts per million. Zooplankton biomass was converted into biovolume assuming 0.45 g C (g DW)-I and 0.12 g C cm-1
Food selectivity-The range of potential food for a planktonic predator is limited by the structure of its feeding apparatus. Within these structural limits predators may select food particles on the basis of size, motility, surface characteristics, biochemical composition, and other factors (e.g. Poulet and Marsot 1978; Van Alstyne 1986) . Maximum clearances for different predators are only comparable when measured on a prey of optimal size. We have recently reviewed the sparse literature on size selectivity by planktonic predators (Hansen et al. 1994) and found that the size ratio between predators and their optimal prey varies significantly among taxonomic groups. Accordingly, we excluded studies in which it could be documented that particles were of a suboptimal size (i.e. where the predator : prey size ratio predicts less than half of the clearance on the optimal prey; Hansen et al. 1994 ).
Temperature dependence-The dependence of biological process rates (r) on temperature (t, "C) is usually expressed in terms of an exponential function:
(t -4,) log(rJ = 1ogO-d + log C+jj-. Literature values of Q,, for clearance, ingestion, respiration, and growth rates vary between 1.5 and 4.0 within the temperature range 5-25°C (Table 2) . No consistent differences appear between parameters or taxonomic groups, and the overall average Q,, of 2.8 has therefore been applied in this study for conversion of ingestion rate and clearance and data adjusted to a standard temperature of 20°C. A consequence of using the same Q,, value for these two parameters is that the half-saturation prey density K,,, (=I,,,/&,) becomes temperature independent.
Evaluation of datasets-Data on maximum growth rates were collected from the literature to compare with maximum specific ingestion rates. Most estimates of maximum growth were from numerical response curves. Because data were lacking, we also used data from experiments where food was evidently abundant. Log predator volume (pm3) Maximum specific clearance rate of an organism is a function of the area within which particles can be captured, the speed with which the organism swims or moves its feeding appendages, and the swimming speed of the prey. Generally, data of this kind are sparsely available in the literature, and we were only able to estimate maximum specific clearance rates for organisms in which either flagella or cilia are involved in locomotion and capture of prey. Maximum clearance of an organism that uses flagella or cilia for locomotion can be estimated by multiplication of swimming speed and projected filter area of the predator, assuming that the swimming speed of the prey is negligible. Swimming speed data were collected from literature covering flagellates, ciliates, rotifers, and meroplankton larvae. Filter area was calculated as the projected area of the organism, assuming spherical shape. This rough approximation may lead to both overestimation (organisms are often elongated) and underestimation (filter area is larger than predicted because the diameter of filtering structure may be larger than the diameter of the cell or the effective hydrodynamic filter area may reach beyond the filtering structure; e.g. Fenchel 1982) . copepods, (A); cladocerans, (+). An overall regression line is indicated by a solid line. Symbols in parentheses were not included in the regression because growth yield (=,X/Z) was -100% or even above. References to source of data arc listed in Tables 3 and 4. Results (C,,,) , and K,, were related to predator volume (P,,,) by loglog regressions within each of the following seven zooplankton groups: dinoflagellates, other flagellates, ciliates, rotifers, meroplankton larvae, cladocerans, and copepods . Further statistical analysis was carried out by F-tests of a series of models by using the 14 independent log-log regressions as a base model. Observed values were compared to modeled values estimated from the regression equations, and squared deviations between observations and model estimates were calculated and summed up as SSD (sum of squared deviations). This procedure enabled us to change the model and follow the resulting change in SSD as well as the contribution to this change from different zooplankton species and groups. Maximum specific ingestion rates (I,,,,,) , maximum speThe first step was to test whether a reduction to a common cific growth rates (pnlilX), maximum specific clearance rates scaling factor for all regression lines was possible. The 14 Table 3 . independent regressions were used as a base model. When a common slope was forced upon the regression lines, SSD increased. A maximum likelihood estimate for a common scaling factor was found by iterative manipulation of the models with a variety of common slopes until the new SSD reached a minimum. The increase in SSD was then related to the reduction in the model dimension (from 28 to 15, i.e. one slope and 14 independent intercepts) by an F-test. A model with a common scaling factor was rejected at P < 0.05, and a similar result occurred when clearance and ingestion rates were treated separately. One data point (the cyclopoid copopod, Oithona nana) was the major contributor to the increase in SSD (Table 6 ). With this data point removed the model was accepted at P > 0.1. The maximum likelihood estimate for a common scaling exponent was -0.23 (SE of L-0.12).
The next step was to test whether all data could be described by common regression lines, for maximum specific clearance and maximum specific ingestion. Again, the forcing of a general regression for all data resulted in an increase of SSD, which was related to the reduction in model dimension (from 15 to 3; i.e. one slope and two intercepts) by an F-test. This model was rejected at P < 0.01. A similar result was found when the two lines (clearance and ingestion) were allowed different slopes. Several zooplankton groups contributed to the significant increase in SSD. Dinoflagellates and meroplankton larvae contributed most to the SSD increase in the estimates of maximum ingestion by having lower maximum specific ingestion rates compared to the other groups. Ciliates and copepods contributed most to the SSD increase in the estimates of maximum clearance rates by having higher rates compared to the other groups.
As a consequence of a common slope, the half-saturation constant K,,, (=I,ni\XIC,,,L,X) is independent of body size within each group of zooplankton. The general mean value of K,,, for all groups is -2 ppm (vol/vol), corresponding to a prey density of -240 pg C liter I (Fig. 4) . The maximum likelihood estimate of the scaling exponent determined on the basis of growth rates was not different from that obtained on the basis of ingestion rates (not shown), indicating that growth yields (=@Z) among groups are not different and equal on average 0.33 (Table 7) . Among the protists, ciliates have maximum specific ingestion rates that on average exceed those of dinoflagellates of a similar size by a factor of -2 ( Fig. 2A) . This difference in metabolic rate is also seen in data on maximum specific growth rates, where the differences is a factor of -3 (Fig.  2B, Table 4) . Similarly, ciliates have clearance rates that cxcced those of the dinoflagellates by a factor of 4, resulting in an apparent lack of size dependency among the entire assemblage of protists (Fig. 3A) . Consequently, ciliates have a K,,, that is lower as compared to the flagellates. Maximum specific clearance calculated by multiplication of swimming speed and area of the filtering apparatus (see materials and methods) gave results that are in accordance with the actually measured clearance rates for the flagellates (Fig. 3 , Table  8 ) but not for the ciliates. The calculated clearance rates for ciliates were generally underestimated by a factor of 2-3, indicating that the difference in swimming speed between ciliates and flagellates only partly accounted for the difference in observed clearance rates.
Among the metazooplankton, meroplankton larvae appear to have maximum specific ingestion rates that are almost an order of magnitude lower compared to the other groups. However, such a large diffcrcnce is not seen in the data on maximum growth rates. Copepods (calanoids) on the other hand display maximum specific clearances that are considerably higher compared to cladocerans of a similar size. Consequently, the half-saturation constant of the cladocerans exceeds that of Calanoid copepods by a factor of 8.
An analysis of intraspecific variation was only possible in a few species belonging to the mctazooplankton. The variations in the functional response are best illustrated by the cladoceran Daphnia magna (see Table 3 ). Intraspecific variation in maximum clearance and ingestion rates is large, exceeding a factor of 10. In this case, the variation found within a single study is similar to the variation among different studies.
Discussion
Scaling-Metabolic rates expressed in terms of growth rates or weight-specific respiration rates tend to decrease with body size, when organisms covering a large size span are compared (Zeuthen 1953; Hemmingscn 1960) . Describing weight-specific respiration with the allometric equation, R = a Wb, Hemmingsen ( 1960) found a scaling exponent of -0.25 in poikilotherm metazoa and protozoa. However, he found that poikilotherm mctazoa have specific respiration rates that are -8 times higher than protozoa. Fcnchel (1968 Fcnchel ( , 1974 found that metazoa had specific growth rates that were only two times higher those of protozoa of similar body size. Later, Fenchel and Finlay (1983) reviewed all published data on protozoan respiration. They found that the data on respiration rates show a large variation even within species, related to the physiological state of the organisms during measurements. They concluded that physiological rates of protozoa and heterotherm metazoa were similar. Likewise, Fenchel (1986) compiled data on maximum clearance obtained on filter-feeding protozoa and some groups of metazoan filter-feeders. Covering a size span of -10 orders of magnitude, maximum specific clearance was found to decrease with an exponent of about -0.25.
In accordance with Fenchel and Finlay (1983) , we found no consistent difference in maximum physiological rates betwecn protozoa and metazoa. However, we found that some zooplankton groups deviate significantly from the overall log-log regression. Consequently, the scaling factor derived from an overall regression across functionally different groups will depend on the balance between the groups within the entire data set. For instance, an overrepresentation of copepods would reduce the overall scaling factor for C,,,,, (cf. Fig. 3 ). This becomes particular critical if a limited size range of organisms with a high degree of functional diversity (e.g. crustaceans) is analyzed. Our approach was to derive a common scaling factor from regressions within functionally homogeneous assemblages of zooplankton. It is noteworthy that the scaling factor derived by this approach (-0.23) is consistent with other estimates derived from a wide range of body sizes.
Variation between groups of zooplankton-If the growth rates of ciliates arc extrapolated to the size of small heterotrophic flagellates (excluding dinoflagellates), the derived growth rate would be about three times higher than actual flagellate rates (Fenchel 1991) . Recently, a number of growth rate values for larger flagellates (e.g. dinoflagellates) have been published and these maximum growth rates are about three times lower compared to planktonic ciliates of similar size (Hansen 1992; Sherr and Sherr 1994) . Our data confirm this difference for growth as well as for ingestion rates (Fig. 2) . The reason for the difference in metabolic rates between ciliates and flagellates remains unanswered.
An interesting observation from our data is the apparent lack of scaling in maximum clearance rates if all protists are treated as one group. This can only partly be explained by the high swimming speed found in the ciliates (Fig. 3) , because clearance calculated on the basis of swimming speed underestimates the actual clearance of ciliates by a factor of 2 or 3. An underestimate of the effective filter area of ciliates probably explains this difference. Ciliate filtering structures (membranelles) generally reach beyond the cell width, and the effective hydrodynamic filter area may reach beyond the filtering structure (Fcnchel 1982; Buskey and Stoecker 1988) . Peters and Downing (1984) compiled published ingestion rates of crustacean metazooplankton reported from both laboratory and field studies at food concentrations of between 0.2 and 50 ppm and found a strong size dependence (scaling exponent of between -0.26 and -0.45). In our study, which builds on another set of data, only a small decrease in mctazooplankton maximum growth rates with volume was observed, although no size dependency was found in estimates of maximum specific ingestion or clearance rates. The lack of size dependence of maximum ingestion and clearance Table 5 . Linear rcgrcssion analysis for the relationship between size and half-saturation constant (K,,,), maximum clearance (C,,,,,,), ingestion (I,,,;,,), and growth rates (pmax) for different zooplankton groups. Standard error (SE) is given in brackets. Signiiicant relationships are marked (* P < 0.05; ** P < 0.01). Table 6 . SSD (sums of squared deviations between observations and models) for three different models of log-log regressions of maximum specific ingestion and clearance rates to predator volume. The F-ratios and P-levels given for model 2 tested against model 1 and model 3 were tested against model 2. Model 1, independent rcgrcssions; model 2, same slope; model 3, common regression. rates in the present study is likely due to our coverage of a boe and Sabatini (I 995) found that broadcast spawners (calmuch smaller data set both in terms of the number of data anoid copepods) grow faster than egg carriers (cyclopoid points and body size range covered and our inclusions of a copepods) by 30-50% and have weight-specific fecundities broader range of taxonomic groups.
that are 2.5 times those of the former. Even with these groupSignificant differences within taxonomic groups (e.g. coings, they found that specific growth and developmental pepods) may relate to different niches occupied by different rates did not vary with body mass in copepods, whereas subgroupings (families, genera, species). For example, Kiorweight-specific fecundity decreased with female body mass Table 7 . Average growth yield at maximum growth rates for different zooplankton taxa. v = volume; dw = dry weight; C = carbon; N = nitrogen; ca = calories. Gaines unpubl. Hansen 1992 Jeong and Latz 1994 Jacobson and Anderson 1993 Strom 1991 Strom and Buskey 1993 Anderscn 1988 /l 989 Fenchel 1982 Geider and Leadbeatcr 1988 Rivier et al. 1985 Sheldon et al. 1986 Verity 1985 Verily 199 1 Boraas I983 Droop and Scott 1978 Hansen et al. 1997 Schltiter et al. 1987 Scott 1980 Helm 1977 Jespersen and Olsen 1982 Sprung 1983 Sprung I984d Berggreen et al. 1988 Corner et al. 1965 Corner et al. 1967 with an scaling exponent broadcast spawners.
of -0.26 in both egg-carrying and Intraspecijic variation-We used only laboratory data with a complete functional response curve for each species. Also, average values of C,,,,,, I,,,, and K,,, were calculated, where several measurements have been performed, covering different sizes and developmental stages of a species. In spite of this, estimates of maximum clearance and ingestion rates still displayed considerable variation within zooplankton groups. The variations in maximum growth rates were generally much lower than those found for maximum specific clearance and ingestion rates. The variation found in both maximum specific ingestion and clearance rates was the same within and among different studies of the freshwater cladoceran D. magna and equals an order of magnitude. Considerable variation in feeding measurements may be due to organism differences as well as methodological and experimental limitations. Predicted maximum ingestion (A) and clearance rates (B) for the different groups of zooplankton estimated using the model of a common slope of -0.225. For each group of predators (e.g. cladocerans) estimates of maximum clearance and ingestion afe shown with 95% confidence levels (mean 2 2 SE). Estimates of rates can be calculated from data in Table 9 . Note that confidence limits relate to the maximum likelihood estimates and not to single observations. The estimates of maximum clearance and ingestion rates rely on the calculation of carbon content and volume of both prey and predator. The variation in the prey carbon : volume ratio have been reported to increase by a factor of -10 going from bacteria to larger diatoms containing a large water vacuole (e.g. Strathmann 1967; Bjernsen 1986; Verity et al. 1992) . However, improved methods for the measurement of bacterial cell volumes have suggested the high carbon : volume ratios previously reported were too high (Fagerbagge et al. 1996) . Among different algae with a similar cell volume, the carbon : cell volume ratio may differ by a factor of 4 (Strathmann 1967 ). Table 9 . Log-mean values of bodysize, maximum specific ingestion, and clcarancc rates. Estimates of rates can be calculated using the common scaling exponent of -0.23: log (rate) = log a -0.23P VU,) where P,,,, is the body volume of the predator, I,,,,, is the maximum specific ingestion rate (h I), and C,,,,, is the maximum specific clearance rate ( lo5 h I). Prediction of zooplankton grazing rates-This study facilitates comparison of grazing rates obtained in the field and in the laboratory. A basis for comparison with new measurements of grazing rates is provided in Fig. 5 . and Table  9 , which summarize the data analyzed in this study. For each group of predators (e.g. cladocerans), estimates of maximum clearance and ingestion are shown with 95% C.L.
Dinoflagellates
Estimates of maximum grazing and growth rates obtained in the laboratory have been shown to correspond to maximum rates measured in field experiments for a number of zooplankton groups (e.g. Kiorboe et al. 1985b; Peterson et al. 1991; Nielsen and Kiorboe 1994) . Thus, in the absence of direct measurements, estimates of grazing rates obtained through laboratory studies can be applied for use in pelagic carbon flow models (e.g. Christoffersen et al, 1990; Riemann et al. 1990; Maloney and Field 1991) . However, laboratory data on maximum clearance and ingestion rates may overestimate the grazing potential of zooplankton compared to field situations (e.g. Cyr and Pace 1992) Therefore, comparison of grazing rates measured under different conditions should consider several possible concerns. Size selectivity should be taken into account. Zooplankton cannot be considered simply as a functionally uniform group of grazers that feeds on prey of -1 : 10 of their own body size as previously suggested (e.g. Azam et al. 1983 ), but must be divided into functional groups (Hansen et al. 1994) . Prey density must be taken into account. The half-saturation constant K,,, is on average 240 pg C liter I, a biomass that is often encountered in meso-to eutrophic waters (Wetzel 1983) . Thus, a grazing estimate calculated from either maximum ingestion or clearance rates would overestimate the grazing impact. The actual food may be of poor quality for the zooplankton either due to lack of essential nutrients or production of toxins (e.g. Lampert 198 1; Huntley et al. 1986; Hansen 1989) . Although food is plentiful and of the right size and quality, the predicted ingestion and clearance rates (Fig.  5 , Table 5 ) have 2-3-fold confidence limits.
We think that future studies on zooplankton grazing will decrease the confidence ranges around the estimates, and we hope that this perspective will stimulate researchers to perform and present their studies on zooplankton grazing with a view to facilitating comparison.
Conclusion
Taking the above-mentioned precautions into consideration, it is possible to predict the grazing activity on the basis of taxonomy, body size, temperature, and prey size and concentration. Equations are given for the estimation of maximum ingestion and clearance rates, allowing comparison with future laborator'y and field-determined rates as well as providing rough estimates for their use in models on the flux of carbon flow in pelagic environments.
